We evaluate the impact that the amount of nonlocal Hartree-Fock (%HF) exchange included in a hybrid density functional has on the microscopic parameters (transfer integrals, band gaps, bandwidths, and effective masses) describing charge transport in high-mobility organic crystals. We consider both crystals based on a single molecule, such as pentacene, and crystals based on mixed-stack charge-transfer systems, such as dibenzo-TTF-TCNQ. In the pentacene crystal, the band gap decreases and the effective masses increase linearly with an increase in the amount of %HF exchange. In contrast, in the charge-transfer crystals, while the band gap increases linearly, the effective masses vary only slightly with an increase in %HF exchange. We show that the superexchange nature of the electronic couplings in charge-transfer systems is responsible for this peculiar evolution of the effective masses. We compare the density functional theory results with results obtained within the G 0 W 0 approximation as a way of benchmarking the optimal amount of %HF exchange needed in a given functional.
I. INTRODUCTION
Electronic coupling is a key microscopic parameter in the description of the charge-transport properties of organic semiconductors. Large electronic couplings between π -conjugated molecules (i.e., large intermolecular wave function overlaps) are necessary for high charge-carrier mobilities [1] . There are two main theoretical approaches to derive the electronic couplings. The first is based on a molecular (localized) representation whereby the electronic coupling (or transfer integral t) between any two molecules can be evaluated from the quantum-mechanical solutions obtained on dimers (or complexes) consisting of these two molecules [1, 2] . Alternatively, a momentum (delocalized) representation can be used, with the electronic couplings obtained from band structure calculations performed on the corresponding crystal using periodic boundary conditions. Similar to the role played by transfer integrals in the molecular picture, the widths of the valence [conduction] bands and the hole [electron] effective masses (m Eff ) represent key charge-transport parameters for periodic systems. Although the actual charge-transport mechanism in organic molecular semiconductors remains a matter of debate, recent angle-resolved ultraviolet photoelectron spectroscopy measurements performed on rubrene and pentacene crystals point to a clear energy dispersion of the highest occupied electronic levels, indicating that the concept of electronic bands is valid for these systems [3] [4] [5] . We note that, when appropriately chosen, a simple tight-binding Hamiltonian can be used to relate the results obtained in the molecular picture to those in the momentum representation [1] .
In the context of charge transport, the use of reliable quantum-mechanical approaches to evaluate the transfer integrals and the related electronic band structures are of critical importance. Over recent years, density functional theory (DFT) has been extensively used for the evaluation of the charge-transport microscopic parameters in organic semiconductors. Importantly, it was demonstrated that the electron-vibration couplings [6] and transfer integrals [7] are very much sensitive to the amount of nonlocal Hartree-Fock (%HF) exchange included in the density functional. In an earlier paper, we have detailed the dependence of the transfer integral on %HF exchange for pentacene and rubrene [7] , which are two of the organic semiconducting crystals with the highest charge-carrier mobilities [8] .
While interest in organic molecular semiconductors has largely focused on "one-component" systems based on a single molecule, recently "two-component" donoracceptor systems have also received significant attention both experimentally [8] and theoretically [9] . In particular, it was demonstrated that field-effect transistors based on the dibenzotetrathiafulvalene-7,7,8,8-tetracyanoquinodimethane (DBTTF-TCNQ; see Fig. 1 ) crystal exhibit ambipolar behavior [10] . The DBTTF-TCNQ and other similar charge-transfer systems that display semiconducting properties usually crystallize in mixed-stack arrays in which the donor and acceptor molecules alternate along the stacking directions. Of particular interest to this paper, DBTTF-TCNQ has also been calculated previously to possess large transfer integrals for both holes and electrons [9] .
In this paper, we compare how the electronic couplings, band gaps, bandwidths, and effective masses depend on the amount of %HF exchange for pentacene and DBTTF-TCNQ, taken as representative examples of single-component and donor-acceptor crystals. We show that the unusual dependences found in DBTTF-TCNQ can be attributed to the superexchange nature of the electronic couplings in this class of materials. 
II. COMPUTATIONAL METHODOLOGY
Electronic-structure calculations on both pentacene (V polymorph with interlayer spacing of 14.1Å) [11] and DBTTF-TCNQ [12] have been performed on the basis of their experimental crystal structures. The impact of the %HF exchange has been investigated by using the αPerdew-Burke-Ernzerhof (αPBE) functional, based on the original PBE functional [13, 14] , following the simple hybrid scheme proposed by Adamo and Barone [15] :
where α = 0.25 corresponds to the PBE0 functional. Direct electronic couplings were evaluated by using the fragment orbital approach [2] implemented in the developmental version of the NWChem package [16] in conjunction with the 6-31G* basis set. For the two-component system, effective hole [electron] electronic couplings were evaluated using donor-acceptor-donor [acceptor-donor-acceptor] triads, as we did in our previous work [9] . The CRYSTAL09 [17] was used to perform all calculations using the αPBE functional combined with the 6-31G basis set. The Brillouin zone was sampled using a -centered uniform k-point 6 × 6 × 6 grid for the pentacene crystal and a 6 × 6 × 8 grid for the DBTTF-TCNQ crystal. The effective masses and their orientations were calculated by diagonalizing the inverse of the effective mass tensor (m −1 ij ). The latter was obtained from the valence band maximum or conduction band minimum using a finitedifference method on a five-point stencil with a 0.01 Bohr −1 step (1 Bohr = 0.529Å). Here, G 0 W 0 calculations for the pentacene and DBTTF-TCNQ crystals were performed using the BerkeleyGW code [18] , starting from the PBE-derived wave functions and energies obtained from Quantum Espresso [19] with norm-conserving Troullier-Martins pseudopotentials [20] . Core radii for the atoms were set to: 1.5 Bohr for C, 1.3 Bohr for H, 1.4 Bohr for N, and 1.7 Bohr for S. The kinetic energy cutoff for wave function was set to 60 Ry (816.3 eV). The static dielectric matrix cutoff was set to 15 Ry (204.1 eV). For the static dielectric matrix calculations (required for the evaluation of the screened Coulomb interaction W within GW), the generalized plasmon model was used [21] , with 464 unoccupied bands for both pentacene and DBTTF-TCNQ.
Here, -centered uniform meshes of 4 × 4 × 2 and 4 × 4 × 4 k-points were employed for pentacene and DBTTF-TCNQ, respectively. For the sake of comparison, in addition to the calculations that rely on an atomic orbital basis set (performed in CRYSTAL09), Vienna Ab initio Simulation Package (VASP) [22] [23] [24] [25] calculations with plane-wave basis set (projector augmented wave [PAW] method) were also performed [26, 27] . For both pentacene and DBTTF-TCNQ crystals, a plane wave energy cutoff of 800 eV and a 2 × 2 × 2 k-point mesh were employed.
III. RESULTS AND DISCUSSION
We first discuss the impact that the %HF exchange in the αPBE functional has on the band structure and effective masses of pentacene (see, Fig. 2 and Fig. 3 ). For the range between 0 to 50%HF exchange, the valence [conduction] bandwidth increases by 0.207 [0.275] eV, i.e., by about 40%. This result is consistent with the increase in electronic coupling evaluated from a dimer calculation, which we previously attributed to the fact that (semi)local functionals have an exchange-correlation potential that decays too quickly [7] . The effective masses for holes [electrons] were calculated at the valence band maximum (0.375, 0.5, 0.075) [conduction band minimum (0.39, 0.5, 0.5)] in reciprocal space; the smallest effective mass both for holes and electrons is estimated to be approximately along the herringbone direction (Fig. 1) (Fig. 2) , in agreement with previous findings [28, 29] . These results underline that, depending on the %HF exchange used in a given functional, the DFT estimates for the band gap, bandwidth, and effective mass can span a wide range.
More accurate results can be obtained by employing higher-level, first-principles electronic-structure methods. For instance, it has been shown that calculations performed within the GW approximation [21, 30, 31] can reproduce the experimental fundamental gaps and valence and conduction bandwidths for both inorganic and organic semiconductors with a high accuracy, though at a much higher computational cost. Here, we have used the G 0 W 0 results to calibrate the amount of HF exchange in the αPBE functional for the present systems. We note that it has been shown in the case of isolated molecules and charge-transfer complexes that the G 0 W 0 results depend to some extent on the DFT starting point [32, 33] ; here, for the sake of simplicity we consider only the results based on PBE-derived wave functions. The obtained G 0 W 0 results are in very good agreement (see Table I ) with those derived previously [34] . Tuning the %HF exchange in αPBE to recover the fundamental gap obtained from G 0 W 0 calculations (at the E point in the Brillouin zone) results in a value of 32%HF exchange. Importantly, the valence and conduction bandwidths derived by this tuned functional at the E point and other k-points (Table I, Fig. 3 ) are also in excellent agreement with the G 0 W 0 calculations.
We now turn to the two-component donor-acceptor systems that are expected to exhibit lower band gaps than the crystals of the individual components. In fact, when a pure functional or a functional with a low amount of the HF exchange (<10%) is employed, the gap in DBTTF-TCNQ goes to zero (i.e., the system shows a metallic behavior) or demonstrates an unusual evolution that is no longer linear. A similar result was recently reported for another donor-acceptor system, i.e., tetrathiafulvalene-p-chloranil (TTF-CA) [35] . This behavior can be attributed to the well-known underestimation of the computed band gaps with (semi)local DFT functionals [36] . We also note that the calculations using a large %HF exchange display convergence difficulties. Therefore, we only discuss below the results obtained within a range of 10-40%HF exchange.
The valence [conduction] band structure as a function of %HF exchange is shown in Fig. 4 Table II . We note that very similar values for bandwidths are found as well when using the PAW basis set, which confirms that the evolution is not related to the choice of basis set. In contrast to the very slight evolution of the bandwidths, an increase in %HF leads, as in the case of pentacene, to a linear increase of the fundamental gap (by a factor of ß3, from 0.50 to 1.67 eV, over the 10-40%HF range; Fig. 4 ). The significant difference in the manifestation of the %HF exchange on the band structures of pentacene and DBTTF-TCNQ can be attributed to the difference in the nature of electronic couplings in one-and two-component systems. In pentacene, the electronic couplings depend on the direct, through-space wave function overlap; in contrast, in DBTTF-TCNQ, the electronic couplings have a superexchange nature, i.e., the electronic coupling for holes [electrons] results from the mixing of the frontier orbitals of two closest donor [acceptor] molecules with the frontier orbitals of the "bridging" acceptor [donor] molecule [9] . In the context of such a superexchange mechanism, both the electronic coupling and the energy difference between the relevant frontier molecular orbitals on adjacent donor and acceptor molecules have to be taken into account. Using perturbation theory and assuming that only the pathway described above contributes to the superexchange mechanism, the effective transfer integrals for holes and electrons along the stacking directions are equal and are given by [9] :
Here, t H D −L A is the electronic coupling between the highest occupied molecular orbital (HOMO) of a donor and the lowest Using G 0 W 0 , the fundamental gap for DBTTF-TCNQ is calculated to be 1.32 eV. When tuning the amount of %HF exchange in αPBE to recover the G 0 W 0 results, a band gap of 1.33 eV is obtained with 33%HF exchange using an atomic orbital basis set and of 1.34 eV with 33%HF exchange using PAW. We note, however, that in contrast to the pentacene where the tuned αPBE calculations can match the G 0 W 0 results in the whole Brillouin zone, in the case of DBTTF-TCNQ some discrepancy is observed between the bandwidths computed along the charge-transfer and other directions. This discrepancy can be traced back to the deficiency of the standard semilocal and global hybrid exchange-correlation functionals that do not provide the correct evaluation of the long-range Coulomb interaction that result in substantial errors for long-range charge-transfer excitations [37] . It has been suggested recently that an improved description of chargetransfer states can be obtained by employing range-separated hybrid functionals, especially those with system-tuned rangeseparation parameters [38] . While there are now multiple examples of applying these functionals to the donor-acceptor complexes [39, 40] , their application to donor-acceptor crystals is still missing. Such investigations in our group are now underway, and the related results will be reported elsewhere.
IV. CONCLUSIONS
We have evaluated the dependence on the amount of HF exchange included in the density functional of the chargetransport parameters in two organic semiconductor crystals, pentacene and DBTTF-TCNQ. We have found that in onecomponent systems such as pentacene, the fundamental gap, bandwidths, and effective masses vary significantly and in a linear fashion as a function of %HF exchange. We have confirmed the superexchange mechanism of the electronic coupling in mixed-stack, donor-acceptor systems such as DBTTF-TCNQ. The superexchange nature of the electronic coupling affects the dependence of the electronic properties on %HF exchange; in particular, with an increase in the %HF exchange included in the functional, the bandwidths and effective masses remain nearly constant, in marked contrast to the evolution observed in one-component systems. We have also found that in both types of systems, the band gaps show a similar evolution, increasing by a factor of at least 3 when increasing the percentage of HF exchange from ß0 to ß50%. This is particularly important to realize when considering two-component systems, such as DBTTF-TCNQ which is calculated to be metallic when small (or no) amount of HF exchange is included in the functional. We have also shown that, by changing the amount of the HF exchange in the αPBE functional, the αPBE band gap can be tuned to match the G 0 W 0 band gap, with the resulting bandwidths also in good agreement with those obtained from G 0 W 0 . Interestingly, the optimum %HF exchange found here (in the range 31-33%) is very similar to the recently developed PBE0-1/3 functional, which is parameterized with 33%HF exchange and outperforms the original PBE0 functional with 25%HF exchange for a variety of molecular electronic properties [41] . 
